Fuller's earth is an inorganic material used in the electric industry for dielectric oil regeneration. After decontamination treatment, Fuller's earth is regenerated and reused. In this study, the removal capacity of regenerated Fuller for the treatment of water contaminated with dyes of different nature and in turn, how this capacity can be increased by structural modification of the material was evaluated. Thus, the regenerated Fuller earth without any modification reached 99% removal of methylene blue. However, for treatment of effluents contaminated with red 40, acid and thermal modification of material was required to obtain adsorption greater than 94% of the dye. In conclusion, regenerated Fuller earth adsorbent is suitable for treating effluents contaminated with cationic coloring materials. However, removal of anionic dyes is not efficient, the structural modification of the material to be necessary to enhance the removal of these type colorants.
Introduction
Current population growth with the consequent increase in demand for water resources, extreme environmental conditions caused by climate change around the world and depletion and contamination of water sources available for human consumption have increased interest and concern both the authorities and the population for the quality and proper management of water resources. More stringent regulations and controls have been developed, but their implementation is slow and the problems associated with the depletion and pollution of water resources continue [1] . Wastewater from industry has become the main cause of pollution of water sources due to its high volumes and variety of compounds present in them [2, 3] . The presence of recalcitrant compounds and difficult to degrade as the dyes in water sources is a latent problem that tends to increase due to the wide variety and uses of these compounds in the industry, generating increasing impacts on the environment and ecosystems [4] .
The dye in the water affects the resource and its various ecosystems; the consequences are the reduction in the penetration of solar radiation and hence the decrease of the photosynthetic process that contributes to the preservation and quality of the resource [5, 6] . On the other hand, the reduction of dissolved oxygen in the water and accumulation in the food chain of some of these compounds and their degradation products can have serious effects on humans, animals and aquatic species [7] [8] [9] . The physical appearance and characteristic of the water is also affected; small dye concentrations can generate visible effects in making resource unfit for human consumption [10] . In this regard, various technologies aimed at treating industrial effluents have been developed more quickly [11] , especially those related to the removal of recalcitrant compounds as dyes [4] . Some conventional methods such as coagulation, oxidation, photocatalytic and degradation by microorganisms have been developed for the treatment of dyes; however, these approaches have shown little efficiency [10, 12] , because, the non-biodegradable nature, strength and high stability of these compounds [13] [14] [15] [16] . Adsorption processes have efficient removals and advantages in implementation, operation and costs, making this physicochemical technique most commonly used for the treatment of water contaminated with dyes [10, 12, 17] . For a more economically favorable process, a large number of alternative materials as the activated carbon have been used in adsorption [18] [19] [20] . In contrast to activated carbon, clays have a lower cost [21] . Different types of clays, including Fuller's earth have been used in the removal of dyes [16, 22, 23] . The structure of these materials has been amended in several investigations in order to improve their adsorptive properties [24] [25] [26] .
Fuller's earth is an aluminum silicate composed mainly by dioctahedral smectites (montmorillonite), natural zeolites (analcime) and sepiolite (loughlinite) [22, 27] . In general, the structure of the material has a three-dimensional array, consisting of successive planes of oxygen (O) and hydroxyl (OH) connected or linked to elements such as silicon (Si), aluminum (Al), magnesium (Mg) and other cations, forming layers of tetrahedral silicon and octahedral aluminum or magnesium bound oxygens and hydroxyls [28, 29] . Fuller's earth has been used in bleaching and refining of oils, fats and waxes for a long time [30, 31] . Currently, it is used in the electric industry for the regeneration of the dielectric oil in power transformers. Once regenerated the dielectric oil, Fuller earth is impregnated with part of the oil and byproducts generated by the oxidation of it, making the Fuller earth a hazardous waste [32] . Earlier, this contaminated material was deposited in a conventional landfill, ignoring the consequences that this type of hazardous waste can cause in the environment. Alternatively, the residue was subjected to an incineration process, despite the potential risk of transformation into dioxins and furans (even more toxic than the original waste compounds) of some of the compounds containing the contaminated material [32, 33] . From the technique of solid-liquid extraction using as solvent ethanol is achieved decontaminate and regenerate Fuller's earth to get back their properties as adsorbent material and extend its life cycle, making it possible to reuse in this case for the treatment of water contaminated with dyes [34, 35] .
Thus, the purpose of this study is to explore the possibility of using regenerated Fuller earth as adsorbent for the removal of cationic and anionic dyes. For this, the adsorptive capacity of the regenerated Fuller earth for the treatment of water contaminated with the dyes methylene blue and red 40 was evaluated, and in turn, is set as this capacity can be increased from the acid and thermal modification of the material. Therefore, a material of great untapped potential adsorbent is reused and partly contributes to solve the serious problems caused by the presence of dyes in water sources.
Materials and methods

Structural analysis
In order to check the structural and morphological changes produced by each of the modifications made on native and regenerated Fuller earth, was determined in the modified samples their composition, morphology, point of zero charge and adsorptive capacity.
The results of this analysis were compared with the native and regenerated Fuller earth unmodified. To determine the point of zero charge, the pH value and the adjustment thereof is carried out with the automatic titrator Titrino Plus 848 of Metrohm a 24°C. The chemical and morphological analysis of the material were performed at the Laboratory for Advanced Microscopy, Facultad de Minas, using energy dispersive detector coupled to a scanning electron microscope, equipment SEM JEOL JSM 5910 LV with an accelerating voltage of 15 kV, prior metallization of the samples with gold. With respect to the adsorption capacity, the amount of dye removed by the native material, regenerated and modified determined using a spectrophotometer UV/Vis Lambda 35 at wavelength of maximum absorption of λmáx = 665 nm for methylene blue and λmáx = 502 nm for red 40, used glass cell of 1 cm length.
Adsorbent material preparation
Fuller's earth used in this research was provided by the local distributor of the material in Medellin, Colombia. Fuller's earth contaminated with dielectric oil was decontaminated according to [34] , through the technique of solid-liquid extraction using ethanol as solvent. The material thus decontaminated and recovered was used in the various tests carried out in this investigation.
Acid and thermal modification
In general, the chemical and physical properties of clays can be modified to increase their natural capacity adsorbent and provide specific characteristics for certain applications. The modification can be achieved by various treatments, generating an effect on physicochemical and mineralogical properties of the material [36] . Acid and thermal modifications are the techniques most commonly employed for such transformation. Changes in the mineralogical structure and chemical composition of the material depend on its nature and the conditions of treatment, as residence time, temperature and concentration of the medium [37] . The acid modification of the native and regenerated Fuller's earth was performed with 6.0 M HCl as described by [25] . 5.0 g of the material was mixed with 500 mL of a 6.0 M solution of HCl in a system under reflux at temperature of 368 K for 24 hours with occasional stirring of the mixture. After the modification, the resulting mixture was filtered and dried in an oven at 313 K. The thermal modification of the material is worked at temperature of 378 K.
Dilute acid modification
The pH is a critical variable in the removal processes as influences the adsorption at the solid-liquid interface of the different species presents in the medium [38] . The variation of the pH value of the solution can significantly affect the surface charge of the material and the degree of ionization and speciation of the adsorbate [23] . Native and regenerated Fuller earth was modified. 0.5 g of the material was mixed with 50 mL of water previously adjusted with 0.1 M HCl to a pH value equal to 2.0. The resulting mixture remained in contact for a period of three hours under continuous stirring and room temperature in triplicate.
Determination of point of zero charge
The surface of any material is sensitive to changes in pH of the medium. This generates surfaces charged positively or negatively. In general, if the pH of the medium is greater than the point of zero charge of the solid (pH value at which the surface of the material has a net charge of zero), it has a predominance of negative charges in the material. Conversely, if the pH of the medium is lower than the point of zero charge, positively charged solid particles is obtained [39, 40] . Thus, the point of zero charge can establish the affinity of the material for the various ionic species present in the medium. Determination of point of zero charge (PZC) was the methodology used to establish the polarity of the surface of native and regenerated material. And so verify the change on their structure conducted after the respective modifications. This PZC was obtained from the method of pH drift. 0.5 g of the material was mixed with 50 mL of water adjusted with 0.1 M HCl and 0.1 M NaOH at different pH values (2, 3, 4, 5 and 6). Subsequently, the initial and final pH of each sample was measured, after 48 hours under continuous stirring and room temperature. This procedure was performed in triplicate for each sample.
Determination of adsorption capacity
Acid and thermal treatment can alter the adsorptive capacity of the material [41] . The adsorbent capacity of the native, regenerated and modified Fuller earth was evaluated in a batch system, for 24 hours at room temperature and a solution-material relationship of 100 mLg -1 , that is, 0.5 g of adsorbent material was mixed with 50 mL of a simulated effluent of methylene blue at 80 ppm. The adsorption capacity of the materials was also evaluated with a simulated effluent of red 40 at 30 ppm under the same conditions referred before. Subsequently, the samples were centrifuged at 3000 rpm for 5 minutes. The dye concentration in each sample was determined, after checking that there are not changes in the absorption spectrum of the respective dyes, from the calibration curves previously drawn on the spectrophotometer.
Results and discussion
Morphological analysis
The acid treatment is one of the most common chemical modifications. In general, the acid activation process consists of two stages: first, the substitution of the interlayer cations for protons and posteriorly, the partial dissolution of Al, Mg and Fe from the octahedral sheet and to a lesser extent, Si from the tetrahedral sheet as a result of dehydroxylation of structural OH groups of the material [11, 29, 42] . The gradual dissolution of these cations leads to its decreasing in the material, which is checked by chemical analysis ( Table 1 ). The relative increase observed in the silicon content of the modified materials depends on the dissolution of structural and exchangeable cations [29] , being these cations more susceptible to acid attack than the SiO 4 and SiO 3 OH groups from the tetrahedral sheet of the material [26] . Acid modification is partly responsible for the morphological change of the material. The micrographs taken to the materials before and after conducted the respective modifications are presented in Fig. 1 .
The micrographs show the surface of the regenerated Fuller earth more stressed than the surface of native Fuller earth, due to the decontamination treatment which this material was initially submitted. By comparing the morphology of native, regenerated and modified Fuller earth, is seen as the modified Fuller earth has a more altered, worn and peeling surface than the other samples, being this effect larger in the acid and thermal modified Fuller earth than the only acid modified Fuller earth. This is due to cracks and cavities between the sheets of the material generate by the thermal treatment, as a result of the release of water absorbed in the pores and on the surface of the material, besides of the elimination of carbonates and other oxides that can be found as impurities [43] .
Effect on the point of zero charge
In general, a reduction is observed in the value of the point of zero charge of the native and regenerated Fuller earth with different modifications. This result is presented in the Table 2 .
The less point of zero charge of the regenerated Fuller earth regarding native Fuller earth is partly due to the decontamination treatment to which the material is initially subjected. In the case of native Fuller earth, its point of zero charge changes from an initial value of 7.1 to 3.3 with the acid modification and then to a value of 2.1 with the thermal treatment ( Table 2 ). This latter result is consistent with that reported by [25] who found a point of zero charge of 1.8 for a sample of Fuller earth similarly modified. The behavior of regenerated Fuller earth is similar to the native Fuller earth. This material reduced its initial point of zero charge from 6.6 to 2.3 after the respective acid and thermal modification. Thus, at pH values below the point of zero charge, the particles on the surface of the adsorbent will be positively charged; at pH values above will be negatively charged. Thus, the lowest point of zero charge of the modified materials with respect to the original material evidences the changes generated on its surface and allows in theory, establishes that native and regenerated Fuller earth modified by acid and thermal treatment exhibits greater affinity, due to their surface charge, by anionic dyes such as red 40. Modification of the materials with water adjusted to a pH of 2.0 was sufficient to reduce the point of zero charge of native and regenerated Fuller earth to a value equal to 4.0. This result shows the sensitivity of the material with pH adjustment using HCl 0.1 M and a short contact period. 
Effect on the adsorbent capacity
The adsorption of methylene blue and red 40 dyes on native, regenerated and modified Fuller earth is explained based on the two types of interactions that occur between the dye molecules and the surface of the material: the isomorphic substitution and protonation-deprotonation reactions.
The internal and external surface of the Fuller earth and its permanent negative charge provide it with a special affinity for cationic dyes as methylene blue [22, 25] . The permanent negative charge of the material is derived from isomorphic substitutions that occur in its structure regardless of environmental conditions [44] . The substitution generates an imbalance of charge due to the replace of Al has a net negative charge [45] . The total neutrality of the structure is preserved balancing each tetrahedron [AlO4] ) electrostatically attached to the material structure. These cations have great freedom of movement and can even be exchanged for other cations. Excess of negative charges make the extremely acid surface thus favoring the adsorption of positively charged particles such as methylene blue cationic dye. This explains why the adsorption of methylene blue on native and regenerated Fuller earth naturally occurs with high percentages of removal, the structural modification of the material is unnecessary to achieve 98% higher adsorptions on both materials. Tables 3 and 4 shows that the modification of the material slightly decreases the percentage of adsorption of methylene blue dye because the lowest point of zero charge of the modified materials favors on the surface a positive charge repulsion generated by the similarly charged species. So, lower adsorption achieved with the modified materials is due in part to the strong repulsion that occurs between the dye molecules and the positively charged sites on the surface, and the competition between H + ions and the dye molecules by available negatively charged sites on the material [25, 38] .
Another type of interaction between Fuller earth and dye molecules is related to the Si-OH and Al-OH or Mg-OH groups found on Fuller's earth surface. These OH groups can have a positive or negative charge depending on the type of metal ions at which are united, and the pH of the solution [40] . Depending on the pH value of the medium, the hydroxyl groups can be protonated or deprotonated [46] . At low pH values, sites acquire a positive charge due to the presence of protonated groups AlOH 2 + and SiOH 2 + , as a result, a strong interaction and adsorption of negative charges are generated. Conversely, with an increase in the pH value, these sites reduce their charge to a neutral value and then at higher pH values develop a negative charge according to equations 1 and 2.
Thus, and as previously noted with the points of zero charge of native and regenerated Fuller earth modified, the modification generates a positive charge on the structure of the material that leads to an increase in the adsorption percentage of red 40 dye. Furthermore, in these materials, the negative charge of silica sites is balanced by ions of H + produced during modification. This reduces the diffusion difficulties of molecules of the dye and generates a significant increase in electrostatic attractions between the negative charges of the anionic dye and the positive charged sites of alumina and manganese dioxide, with a consequent increase in the removal of dye. As the pH of the medium increases, the number of positively charged sites is reduced and therefore, the adsorption of the dye.
It was found that native and regenerated Fuller earth without any modification has an adsorption percentage of 40 red almost nil. However, once modified, color removal was higher than 94% for both materials. The lower adsorption capacity of the red 40 on the native and regenerated Fuller earth without any modification is due to the ionic repulsion of the anionic dye molecules and the surface of the material. Furthermore, the presence of OH -ions in solution creates a competitive environment with the dye ions to positively charged sites on the material that decreases the adsorption percentage. The results show the affinity of the native and regenerated Fuller earth to cationic dyes and make clear the need to modify these materials for efficient removal of anionic dyes.
Conclusions
Fuller's earth retains and enhances its properties as adsorbent material after decontamination treatment. Its potential for reuse, in this particular case for the treatment of water contaminated with dyes was proved. Due to the characteristics of the material and its point of zero charge, native and regenerated Fuller earth are suitable materials for removing cationic dyes such as methylene blue due to its surface having affinity for dyes of this type. For removal of anionic dyes, the structural modification of the material is required [47] .
